Abstract Our visual perception is typically accompanied by a sense of subjective confidence. Since perceptual confidence is related to prefrontal activity, higher perceptual confidence may enhance cognitive control functions. To examine this interaction, we developed a novel method to selectively manipulate perceptual confidence while keeping stimulus discrimination accuracy constant. In a behavioral experiment, grating stimuli with different orientations were presented as go/no-go signals. Surprisingly, the results showed that confidence in visual discrimination of the signals on its own did not facilitate response inhibition, since when participants were presented with stimuli that yielded higher confidence, they were no better at performing a go/no-go task. These results were replicated with different (dot motion) stimuli, ruling out alternative explanations based on stimulus idiosyncrasy. In a different experiment, when the grating stimuli were presented as cues for task set preparation, we found that higher perceptual confidence also did not enhance task set preparation efficiency. This result was again replicated with dot motion stimuli. Since confidence may relate to perceptual awareness (Peirce & Jastrow, 1885), our findings may put current dominant theories in question, since these theories often suppose the critical involvement of consciousness in cognitive control. As a proof of concept, our method may also provide a new and powerful way to examine other functions of consciousness in future studies.
In performing simple perceptual decisions (e.g., target discrimination), one may feel more confident in some trials than in others. Although such confidence often reflects perceptual accuracy, recent findings have suggested that the two may dissociate (Del Cul, Dehaene, Reyes, Bravo, & Slachevsky, 2009; Lau & Passingham, 2006 Rounis, Maniscalco, Rothwell, Passingham, & Lau, 2010) . What functional role does perceptual confidence serve? Despite increasing interest in this topic (Fleming & Dolan, 2012; Lau, 2009) , this question remains unanswered, perhaps partly because it is a challenge to test the effects of perceptual confidence per se, independently of the effects of perceptual capacity; when one manipulates confidence, perceptual capacity typically also changes.
Here we developed a novel method to dissociate the effects of confidence from those of perceptual capacity, on the basis of a recent empirical finding (Maniscalco & Lau, 2012; Zylberberg, Barttfeld, & Sigman, 2012) . In psychophysics experiments, the observer typically has to choose a unique perceptual interpretation of a stimulus, even though the available sensory evidence may be ambiguous. We can distinguish the sources of evidence supporting the correct stimulus identification response (positive evidence, PE) from the sources of evidence that support the alternative response (negative evidence, NE). Assuming that one chooses the correct response on a trial, one's confidence should be influenced by both PE and NE; specifically, confidence, like perceptual capacity (d'), should depend on the difference between the two, with higher PE and lower NE both driving higher confidence. However, Zylberberg et al. found this to be untrue, in that confidence seemed to be driven only by the magnitude of PE in their study. Specifically, in their study, participants made a simple perceptual decision (on dot motion direction or luminosity) and then rated their perceptual confidence. The confidence rating was mostly explained by the sensory evidence confirming the perceptual decision (i.e., PE; but see the Exp. 1A Method for the terminology difference between their study and ours). This suggests that perceptual confidence arises from some distinctive perceptual processing that is more stochastic than that behind the perceptual decision, which may make use of both PE and NE. This phenomenon entails the theoretical possibility that, by suitable control of the stimulus properties, one should be able to create stimulus sets that yield similar d's but different levels of confidence. Specifically, one should be able to increase perceptual confidence by increasing both the PE and NE in a stimulus, while keeping d' constant (see Figs. 1A and 2A below) .
Importantly, perceptual certainty may also be linked to some forms of visual awareness. For example, patients with lesions to V1 may develop blindsight (Weiskrantz, 2009) , in which conscious visual experiences are abolished, even though such patients have above-chance perceptual accuracy.
Moreover, these patients claim that they are just guessingthat is, performing visual tasks with no subjective confidence. Incidentally, when perceptual capacity (d') is controlled for, both subjective confidence and awareness seem to depend on prefrontal activity (Fleming & Dolan, 2012; Lau & Passingham, 2006) . Because many dominant theories (Dehaene & Naccache, 2001; Jack & Shallice, 2001; Norman & Shallice, 1986) have suggested that prefrontal cortex and conscious awareness may play a critical role in cognitive control functions and, more directly, because perceptual confidence also relies on areas of prefrontal cortex (Fleming & Dolan, 2012; Lau & Passingham, 2006) involved in cognitive control, here we tested whether perceptual confidence affects two representative cognitive functions: response inhibition performance (Exps. 1A and 1B) and task set preparation (Exps. 2A and 2B) . Surprisingly, we will show that higher perceptual confidence does not enhance overall cognitive control performance. That is, stimuli perceived with high and low confidence triggered the participants' capacities for inhibitory control and task set preparation to similar degrees.
Experiment 1A

Method
Participants Twenty-four students (17 female, seven male; mean age 2.7 years) from Columbia University participated. They received $10/h and completed a written informed consent form prior to participation. The study was approved by the Columbia University's Committee for the Protection of Human Subjects.
Stimulus The stimulus was a set of superimposed left-and right-tilted gratings embedded in noise. Participants reported the tilt of the strongest grating (Fig. 1A) . Here we define positive evidence (PE) as the evidence favoring a correct stimulus identification response, and negative evidence (NE) as the evidence favoring the incorrect response. For instance, in the grating stimuli, PE would be sensory tilt evidence driven mainly by the higher-contrast grating, which would support the correct tilt response, whereas NE would be the tilt evidence driven mainly by the lower-contrast grating, which would support the incorrect tilt response. Note that this stimulus-based definition of PE and NE is different from previous, response-based definitions of PE and NE (Maniscalco & Lau, 2012; Zylberberg et al., 2012) . In the context of using ambiguous stimuli as go/no-go signals, it would be difficult to discern whether a Bgo^response (e.g., to a left-tilting grating) was generated by a true perceptual decision that the grating was tilted left or by a failure to inhibit the Bleft^response (i.e., the Bgo^response), even though the true perceptual decision was that the grating was tilting right. Thus, response-based notions of PE and NE might encounter difficulties in the present go/no-go paradigms, and we use the stimulus-based definitions for clarity of exposition.
The stimulus was a circle (3°diameter) containing a target grating (PE), a nontarget grating (NE), and random dot noise. PE was a sinusoidal grating (2 cycles/deg) tilted left or right at a 45-deg angle. NE was another sinusoidal grating with an orientation orthogonal to that of PE. The stimuli had either a high or a low level of PE (i.e., high or low contrast for the target grating), which was intended to yield relatively high and low confidence levels, respectively. Within each PE level, we further created trials that had high or low ratios of PE contrast to NE contrast, so as to yield relatively high and low perceptual accuracy (i.e., easy and difficult). Hence, a given stimulus had one of the four combinations of difficulty (easy/difficult) and PE level (high/low). The Michelson (1927) contrast levels (i.e., the difference between the maximum and minimum luminosity, divided by the average between the two luminosities) for PE (C PE ), NE (C NE ), and noise (C noise ) were calibrated for each participant. The stimuli were generated and presented on a gray background with the Psychophysics Toolbox (Brainard, 1997) 
in MATLAB.
Calibration block After two practice blocks (28 trials each), participants underwent a calibration block (80 trials). They were instructed to discriminate grating tilt and then to rate their confidence in the discrimination response using a fourpoint scale (Fig. 1B) . With the grating stimuli, participants were instructed to indicate the tilt of higher contrast. Responses were entered on a computer keyboard.
On each trial, a black crosshair (0.35°wide) was presented at the center of the screen on a gray background for 300 ms. The crosshair was replaced by a grating stimulus (33 ms), Fig. 2 (A) Dot motion stimuli from Experiments 1B and 2B. Each stimulus consisted of PE (the proportion of dots moving toward the left or right) and noise (the proportion of dots moving in random directions). Stimuli had either low or high levels of PE, with two difficulty levels. White large arrows schematically illustrate the numbers of dots for PE, and gray small arrows illustrate the numbers of dots for noise. The total number of dots varied across the stimulus types. (B-G) Results from Experiment 1B: Discrimination confidence is plotted against d' for all 19 participants (B) and for the selected 14 participants (C). Go/no-go d' is plotted against discrimination d' for all participants (D) and for the selected participants (E). Go/no-go criteria for all participants (F) and for the selected participants (G) are also plotted against discrtimination d'. Error bars indicate standard errors of the means. Asterisks ( * p < .05, ** p < .01) are shown only for comparisons between high and low PE levels (see the Results for the effects of difficulty level).
which was followed by another crosshair. Participants discriminated the grating tilt by pressing the B1^or B2^key to indicate a left or a right orientation, respectively. After the discrimination response, the black crosshair turned gray. Participants then rated their confidence in their orientation judgments on a four-point scale, by pressing one of four horizontally aligned keys (B7^/B8^/B9^/B0^on the keyboard). After the confidence rating was entered, the crosshair disappeared from the screen and the next trial began after 750 ms. Participants had a 5-s time limit after stimulus offset to enter their discrimination response, and a separate 5-s time limit after the entry of the discrimination response to enter the confidence rating. Trials in which either of the time limits expired were excluded from the analysis (0.5 % of the overall trials). Participants were instructed to stay fixated on the crosshair throughout the trial. In the discrimination block, the trial structure was identical to that in the calibration block.
During the calibration block, the ratio of C PE relative to C noise (C PE /C noise ratio) in the grating stimuli was continuously adjusted to achieve a discrimination accuracy of 84 % with the QUEST threshold estimation procedure (Watson & Pelli, 1983) . The grating stimuli were composed of PE, NE, and noise components, each with its own level of Michelson contrast C.
We defined
Then, the contrast for each component could be expressed as
C total was set to 1. Thus, the contrasts of the PE, NE, and noise components of the stimulus could be uniquely determined by setting values for the two parameters R PE/noise and R NE/PE . The calibration block contained two randomly interleaved sets of 40 trials, in which each set had a high (.7) or a low (.35) value for R NE/PE . During the calibration block, R PE/noise was adjusted continuously with the QUEST threshold estimation procedure (Watson & Pelli, 1983) in order to determine the value that would yield 84 % correct responses in the tilt discrimination task. Separate values for R PE/noise were estimated for the two different levels of R NE/PE .
For trials with the higher value of R NE/PE , the distractor NE component was more salient than the PE component, which in turn necessitated a higher value for R PE/noise (i.e., a PE component that was more salient than the noise) in order to achieve tilt discrimination accuracy of 84 % correct. Thus, the QUEST procedure for trials with R NE/PE = .7 yielded a higher value of R PE/noise (call it R High-PE/noise ), and thus a higher value of C PE (call it C High-PE ). Conversely, the QUEST procedure for trials with R NE/PE = .35 yielded a lower value of R PE/noise (call it R Low-PE/noise ), and thus a lower value of C PE (call it C Low-PE ). Nonetheless, both stimulus sets were calibrated to have the same level of discrimination performance of~84 % correct. In this way, we created stimuli with different PE levels but similar task performance.
Task difficulty was modulated by multiplying the original values of R PE/noise achieved via calibration by either 1 or .7. The latter case leads to a less salient PE component, and thus inferior tilt discrimination performance (i.e., difficult condition).
In summary, we created stimulus sets that varied across the factors PE Level (high/low) and Difficulty (easy/difficult), with the intention of achieving similar levels of tilt discrimination performance across PE levels for each difficulty level. The stimulus sets were characterized by the following settings:
where R * Low-PE/noise and R * High-PE/noise refer to the values for R PE/noise estimated via QUEST in the calibration block to achieve~84 % correct performance for R NE/PE = .35 and R NE/PE = .7, respectively. Discrimination blocks Following the calibration block, participants underwent two discrimination blocks, one before and one after the go/no-go block (see below). The task was the same as in the calibration block. In each block, stimuli with the four combinations of PE and difficulty levels (2 PE × 2 Difficulty) were randomly distributed across 480 trials. Gratings with calibrated contrast levels served as the stimuli. The trial structures were identical to the ones used in the calibration blocks. Participants took a brief break (<1 min) after every 100 trials. The mean d's did not differ between the first (M = 1.77 ± .58) and second (M = 1.64 ± .71) discrimination blocks [t(23) = 1.29, p = .21], suggesting that no fatigue or practice effects influenced the data across blocks. Hence, the performance from the two blocks was collapsed in the subsequent analyses.
Go/no-go blocks In the go/no-go task, the calibrated stimuli served as go and no-go signals, depending on the orientations of grating tilt: One of the target stimulus (PE) orientations (left or right, counterbalanced across participants) served as a go signal, and the other served as a no-go signal. The numbers of trials with go and no-go signals were matched (200 each). Note that whereas relatively infrequent go trials prompt a tendency to make Bgo^responses (Chikazoe et al., 2009) , previous studies have also used matched numbers of trials (van Gaal, Ridderinkhof, Scholte, & Lamme, 2010) . We particularly matched the trial numbers in order to enhance the statistical power for both go and no-go trials. On each trial (Fig. 1C) , a black fixation crosshair (300 ms) was followed by the go/no-go signal. The go/no-go signal (grating) was presented for 33 ms, and the signal was then replaced by a black crosshair. Upon go signal presentation, participants were required to press a key as quickly as possible. With no-go signals, participants were required to withhold key pressing. Regardless of the signal type, auditory feedback was given when participants made a slow response, occurring more than 600 ms from the signal offset for those trials in which a Bgor esponse was entered. When a key was pressed or when the response window of 600 ms lapsed, the crosshair disappeared from the screen, and the next trial began after an interval that was randomly jittered from 650 to 1,050 ms.
Analyses Discrimination d' was calculated for each of the four grating types (2 PE × 2 difficulty levels) with standard signal detection theory (SDT) methods (Macmillan & Creelman, 2005) . The mean confidence rating was calculated for each stimulus type. The means for discrimination d' and confidence rating were calculated separately for Discrimination Blocks 1 and 2. The means across the blocks were used for further analyses for each experiment. The means for discrimination d' and confidence ( Fig. 1D) were independently analyzed in a 2 (PE level) × 2 (difficulty level) repeated measures analysis of variance (ANOVA).
Go/no-go performance was also calculated with SDT (Macmillan & Creelman, 2005) : The hit rate (i.e., percentage of correct Bgo^responses, on go trials) and false alarm rate (i.e., percentage of incorrect Bgo^responses, on no-go trials) were calculated separately for the four stimulus types (2 PE × 2 difficulty levels). From the hit rate and false alarm rate, the go/no-go d' (Fig. 1E ) and criterion ( Fig. 1F) were calculated with SDT (MacMillan & Creelman, 2005) 
Here, z denotes the inverse of the normal cumulative distribution function. Go/no-go d' and criterion were analyzed independently in a 2 (PE level) × 2 (difficulty level) repeated measures ANOVA. Furthermore, the mean reaction time (RT, from the go/no-go signal offset) for the Bgo^responses were calculated for each stimulus type (2 PE × 2 difficulty levels) and analyzed in another independent ANOVA.
Results
Discrimination blocks For confidence rating, we found a significant main effect of PE level [ANOVA: F(1, 23) = 7.81, p < .01, η p 2 = .25], revealing that the stimuli with high PE yielded higher confidence ratings (M = 2.42 ± 0.54) than did the stimuli with low PE (M = 2.17 ± 0.50). A main effect of difficulty level was also significant [F(1, 23) = 35.00, p < .001, η p 2 = .60], showing that confidence was higher in the easy than in the difficult condition, as expected. The interaction was not significant [F(1, 23) = 2.36, p = .14, η p 2 = .09], suggesting that higher PE led to higher confidence regardless of difficulty levels. Thus, we successfully manipulated confidence independently from d' (Fig. 1D) .
As (Fig. 1D) . The main effect of PE was not significant (p = .98).
Go/no-go blocks Our analysis of go/no-go d' revealed that the main effect of PE was not significant (Fig. 1E ) (p > .10). That is, whereas the higher PE level led to higher confidence ratings with matched d' in the discrimination task, it did not lead to a higher go/no-go d'. As expected, the main effect of difficulty level was significant [F(1, 23) = 48.46, p < .001, η p 2 = .68]. The interaction for go/no-go d' was not significant (p = .13). Although there was no effect of PE level on go/no-go d', the analysis of go/no-go criterion revealed a significant main effect of PE [F(1, 23) = 5.40, p = .03, η p 2 = .19], showing that higher PE led to a lower (more liberal) response criterion (Fig. 1F) . Easy conditions, which led to higher confidence and discrimination d' than did difficult conditions, led to a lower response criterion [F(1, 23) = 13.44, η p 2 = .37]. The interaction was not significant (p = .48).
The mean RTs to make Bgo^responses were as follow: high-PE/difficult (M = 446 ms ± 11), high-PE/easy (M = 438 ms ±10), low-PE/difficult (M = 462 ms ± 13), low-PE/ easy (M = 446 ms ± 12). There was no significant main effect of PE level [F(1, 23) = 2.48, p = .13, η p 2 = .10]. The main effect of difficulty level was significant [F(1, 23) = 5.24, p = .03, η p 2 = .19], due to shorter RTs on easy than on difficult conditions. The interaction between PE level and difficulty level was not significant [F(1, 23) = 0.11, p = .31, η p 2 = .04]. The results were similar when only the trials with hits (i.e., Bgo^responses on the go trials) or false alarms (i.e., Bgo^responses on no-go trials) were considered. Overall, these results suggest that although accuracy in perceiving the cues (d') facilitated the speed to perform the go/no-go task, perceptual confidence led to no noticeable effect.
Experiment 1B
Experiment 1A showed that perceptual confidence has a minimal effect on go/no-go task performance. We conducted Experiment 1B to reexamine the effect of perceptual confidence with a different stimulus set (dot motion).
Method
Participants Nineteen students (nine female, 10 male; mean age 24.9 years) from Columbia University participated in the same manner as in Experiment 1A.
Stimuli The stimulus ( Fig. 2A) was a set of white dots moving at the speed of 6 deg/s within a dark gray annulus (outer circle diameter = 3°, inner circle radius = .35°). Each stimulus was presented for 66 ms (four frames at 60 Hz). The dots had infinite lifetimes, and those that moved outside the annulus were replaced at a random location within the annulus. A crosshair (0.35°wide) was presented within the inner circle throughout each trial. PE was defined as the number of dots that coherently moved left or right, and noise constituted the remaining dots, which moved in random directions. The numbers of dots serving as PE and noise were determined for each participant in a calibration block. Note that whereas NE was a grating whose orientation was opposite that of PE in Experiment 1A, here NE was a set of randomly moving dots (i.e., noise). We introduced this new NE manipulation to further strengthen our results: If we always used an NE (e.g., leftoriented) that conflicted with PE (e.g., right-oriented), as in Experiment 1A, our results could be challenged on the ground that stimulus conflict confounded perceptual confidence. Yet, if we could replicate the results using another method to manipulate NE (i.e., via random noise), we could argue against stimulus conflict confounding the results. The stimuli were generated and presented on a gray background with the Psychophysics Toolbox (Brainard, 1997) in MATLAB. Since performance (d') did not differ statistically between the first (M = 1.31 ± 0.53) and second (M = 1.11 ± 0.74) discrimination blocks [t(18) = 1.43, p = .17], suggesting no fatigue or practice effects on the data across blocks, the data from the two blocks were collapsed in the subsequent analyses.
Calibration block Following two practice blocks (28 trials each), participants underwent a calibration block (80 trials) with the dot motion stimuli. In the dot motion stimuli, the ratio of the PE dot number to the noise dot number was continuously adjusted to achieve a discrimination accuracy of 84 % with the QUEST threshold estimation procedure (Watson & Pelli, 1983) . The density of dots was fixed at 70 dots/deg 2 during the calibration block. Two sets of 40 trials were interleaved within the block to independently yield two estimates of the PE/noise ratio. Participants were instructed to indicate the direction toward which the majority of dots were moving.
These estimates were used to determine the numbers of dots serving as PE and noise in the subsequent tasks. There were four types of stimuli, which had one of the two PE levels (high/low) and two difficulty levels (easy/difficult). For high-PE/easy stimuli, the mean of the two PE/noise ratio estimates was used to determine the numbers of dots serving as PE and noise with the density of 70 dots/deg 2 . For low-PE/easy stimuli, the numbers of PE dots and noise dots used in the high-PE/ easy stimuli were each multiplied by .5 to determine the PE dot and noise dot numbers, respectively. For both the high-PE and low-PE difficult stimuli, the numbers of PE dots were determined on the basis of the PE dot number for easy stimuli with the same PE level (high/low): For each PE level, the number of PE dots in easy stimuli was multiplied by .5 for six participants and by .6 for 13 participants, to reduce the number of dots serving as PE and make the stimulus discrimination more difficult. As a result, the densities of dots varied across the four types of stimuli (2 PE × 2 difficulty), depending on the numbers of dots for PE and noise.
Discrimination and go/no-go blocks The discrimination blocks were identical to those of Experiment 1A, except that the task was to indicate the direction toward which the majority of dots were moving. In the go/no-go block, the difference from Experiment 1A was that the directions of dot motion, left or right, served as the go/no-go signal. In both the discrimination and go/no-go blocks, the dot motion stimuli were presented for 66 instead of 33 ms, to ensure motion direction perception.
Analyses In all experimental blocks, the data were processed as in Experiment 1A, with one exception: Data from the go/ no-go task were analyzed from 14 participants, selected on the basis of their discrimination task performance in order to selectively examine the effects of perceptual confidence (see below).
Results
Discrimination blocks
The overall results replicated those of Experiment 1A. For confidence ratings, we observed significant main effects of difficulty and PE level [F(1, 18) = 21.59, p < .001, η p 2 = .55; F(1, 18) = 7.69, p = .013, η p 2 = .30, respectively], revealing higher confidence ratings with lower difficulty level as well as for higher PE level (Fig. 2B) These results show that while increasing the PE level did successfully increase confidence, it also increased d'. Thus, to tease apart the effects of confidence and d' on go/no-go task performance, we eliminated the five participants who had the largest d' difference between the high and low PE levels (i.e., one standard error above the mean d' difference across all participants). With the remaining 14 participants (Fig. 2C) , the d' difference between high and low PE levels was no longer significant (p = .21), whereas the d' difference between the easy and difficulty conditions remained significant, as expected [F(1, 13) = 51.49, p < .001, η p 2 = .80]. With this subset of participants, confidence ratings were still higher for a high (M = 2.44 ± 0.34) than for a low (M = 2.40 ± 0.33) PE level [F(1, 13) = 4.84, p = .046, η p 2 = .27], as well as for easy than for difficult conditions [F(1, 13) = 14.82, p = .002, η p 2 = .53]. Note that it would be expected to find a smaller confidence difference between the PE levels after eliminating the five participants, given that the eliminated participants had higher confidence at the high PE level, due to an unintended increase in d' in addition to higher PE level. Since the selected participants had higher confidence with higher PE level, despite matched d's, their data were submitted to the subsequent analyses of go/no-go task performance to examine the effects of perceptual confidence.
Go/no-go blocks Replicating Experiment 1A, the analysis of go/no-go d' (Fig. 2E ) from the selected participants revealed a main effect of difficulty level [F(1, 13) = 7.87, p = .015, η p 2 = .38], indicating higher go/no-go d' for the easy conditions. The main effect of PE level and the interaction between PE and difficulty levels were both not significant (ps > .10). For the go/no-go criterion (Fig. 2G) , the main effect of difficulty level was significant [F(1, 13) = 9.81, p < .01, η p 2 = .43], indicating a more liberal response criterion in easy than in difficult conditions. The main effect of PE level and the interaction were not significant (p > .10).
When the data from all 19 participants (i.e., including the five participants excluded for having a large d' difference between PE conditions) were analyzed, the results for go/no-go d' remained qualitatively similar (Fig. 2D) . The results for the go/no-go criterion differed in that the main effect of PE level became significant [F(1, 18) = 5.25, p = .034, η p 2 = .23], indicating a more liberal response criterion with higher PE level (Fig. 2F ). Considering that higher PE level led to higher confidence ratings, this result is in agreement with the results from Experiment 1A, in which a higher PE level (also associated with higher confidence) led to more liberal criteria.
The mean RTs among the selected 14 participants were as follow: high-PE/difficult (M = 387 ms ± 45), high-PE/easy (M = 393 ms ± 46), low-PE/difficult (M = 394 ms ± 41), and low-PE/easy (M = 392 ms ± 33). The analyses of mean RTs revealed no effect of PE level [F(1, 13) = 0.29, p = .60, η p 2 = .02]. A main effect of difficulty level [F(1, 13) = 0.21, p = .66, η p 2 = .02] and the interaction between PE level and difficulty level [F(1, 13) = 0.35, p = .56, η p 2 = .03] were also not significant. Although the same analysis in Experiment 1A had revealed a significant main effect of difficulty level, such an effect was not observed in this experiment. This was likely due to the fact that, whereas a static stimulus (i.e., grating) was used in Experiment 1A, a dynamic stimulus (i.e., motion) was used in this experiment. Since the dynamic stimulus had a less clear onset of the cue (i.e., the time to perceive the motion direction varied across trials), the effect of discrimination accuracy on Bgo^response RTs might have diffused. The results remained the same when all 19 of the participants were considered, as well as when only the trials with hits (i.e., Bgor esponses on go trials) or false alarms (i.e., Bgo^responses on no-go trials) were considered. Overall, these results suggest that confidence in perceiving the cues (d') does not increase the speed to perform a go/no-go task.
Experiment 2A
Experiments 1A and 1B showed no notable effects of perceptual confidence on cognitive control capacity using a go/no-go paradigm. We conducted Experiments 2A and 2B to further examine the effect of perceptual confidence on another cognitive control function-namely, task set preparation. Experiments 2A and 2B were similar except that they used the grating stimuli and dot motion stimuli, respectively.
Method
Participants Nineteen students (10 female, nine male; mean age 21.7 years) from Columbia University participated in the same manner as in Experiments 1A and 1B.
Calibration and discrimination blocks Participants underwent the calibration and discrimination blocks in the same manner as in Experiment 1A, with one exception: A black letter X (0.27°wide) followed the grating stimulus with a stimulus onset asynchrony (SOA) of 600 ms. The letter was inserted so as to calibrate the grating contrast and to measure discrimination accuracy and confidence in a trial sequence similar to the one used in the task set blocks (see below). Upon presentation of the letter, participants made a forced discrimination of the tilt of the higher-contrast grating by pressing the B1^or the B2^key to indicate a left or right tilt, respectively. After the response, the letter was replaced by a crosshair. Since performance (d') did not differ statistically between the first (M = 1.92 ± 0.44) and second (M = 1.69 ± 0.65) discrimination blocks [t(18) = 1.54, p = .13], performance was collapsed across the blocks in the subsequent analyses.
Task set block The grating tilts (left/right, counterbalanced) cued which of the two tasks (phonological/numerical) was to be performed on the trials. In the phonological task, participants were asked to judge whether the presented letter (five vowels/h/m/k/p/y) was a vowel or a consonant (Fig. 3A ). In the numerical task, they were asked to judge whether the presented number (1-10) was odd or even. They were instructed to use the stimulus tilts as task cues to perform the tasks as quickly and accurately as possible. On each trial, one of the target letters or numbers (0.27°wide) followed the presentation of a cue grating, with three possible SOAs (400/600/ 800 ms). Auditory feedback followed incorrect or omitted responses within a 4-s window. The task set block consisted of a total of 540 trials, 480 of which had stimuli with one of the four combinations of PE and difficulty levels. The remaining 60 trials were dummy trials with a highly visible PE (40 % contrast without NE, yielding near 100 % discrimination accuracy), to remind participants of the assigned associations between grating tilt and task type.
Results
Discrimination blocks Discrimination d' was calculated and analyzed as in Experiments 1A and 1B.
For the confidence ratings, a 2 (PE level) × 2 (difficulty level) repeated measures ANOVA revealed a significant main effect of PE level [F(1, 18) = 26.09, p < .001, η p 2 = .59], showing that confidence ratings became higher with higher PE level. The main effect of difficulty was also significant [F(1, 18) = 30.20, p < .001, η p 2 = .63], showing that confidence was higher for easy than for difficult conditions. The interaction was not significant [F(1, 18) = 2.95, p = .10, η p 2 = .14].
As for discrimination d', a 2 (PE level) × 2 (difficulty level) ANOVA revealed no significant main effect of PE level on discrimination d' [F(1, 18) = 2.92, p = .11, η p 2 = .14], as is shown in Fig. 3B . Yet, it did reveal a significant interaction between PE level and difficulty level [F(1, 18) = 52.36, p < .01, η p 2 = .74]: Whereas discrimination d', along with confidence, was elevated with higher PE level for difficult stimuli (Bonferroni: p < .001), discrimination d' did not differ between the two PE levels for easy stimuli (Bonferroni: p = .12). Thus, the elevation of confidence for high-PE stimuli did not covary with discrimination d' for easy stimuli, but it did for difficult stimuli. As expected, there were main effects of difficulty/easy stimuli [F(1, 18) = 52.39, p < .001, η p 2 = .74], showing that the easy condition led to higher d' than the difficult condition.
Task set block Means for the cued task RTs (Fig. 3C) were calculated for correct trials whose RTs were within three standard deviations of the mean (3.8 % of trials were eliminated for incorrectness, and an additional 2.1 % were eliminated for falling outside the RT window). An ANOVA revealed that the main effects of PE and difficulty levels were not significant (ps > .10). The only effect of PE observed was its modulatory role on the mean RT as a function of the SOA between the grating cue and task target (Fig. 3D) [interaction between SOA and PE level: F(2, 17) = 4.41, p = .029]. At SOA = 400 ms, RTs were faster for high PE than for low PE levels (p = .022), whereas at SOA = 800 ms, RTs were faster with low PE (p = .025). In other words, for low-PE cues, the primary-task RT became slightly faster as SOA increased, but SOA had no such effect for high-PE cues. Although this result suggests that PE modulated task set performance, it did not suggest that higher PE improved overall task set performance. 
Experiment 2B
We conducted Experiment 2B to reexamine the effect of perceptual confidence on task set preparation with another stimulus type, the dot motion stimuli. The general procedure was identical to that of Experiment 2A.
Method
Participants Twenty-two students (11 female, 11 male; mean age 24.5 years) from Columbia University participated in the same manner as in the above experiments.
Calibration, discrimination, and task set blocks The calibration and discrimination blocks followed the same procedure as in Experiment 1B except that, as in Experiment 2A, a black letter X (0.27°wide) followed the dot motion stimulus with an SOA of 600 ms.
The task set block was identical to that in Experiment 2A, with the exception that dot motion stimuli were used as the task cues, with the direction of coherent dot motion (left or right, 66-ms duration) cuing the type of upcoming task (phonological or numerical). As in Experiment 2A, a total of 60 dummy trials were randomly inserted in the block, so as to remind participants of the assigned associations between the motion direction and task type. The dummy trials contained no noise dots and had PE dots whose number was 1.5 times more than that in the high-PE/easy condition.
The performance (d') decreased from the first block (M = 1.28 ± 0.54) to the second block (M = 0.89 ± 0.58) [t(21) = 6.03, p < .01], suggesting some fatigue across blocks. Since such fatigue was not observed in the other three experiments, it is likely that the overall task demand in this experiment was relatively great, due to the general difficulty of task set preparation as well as the difficulty of discriminating the dot motion stimuli that were masked by a letter X. However, to make the results of this experiment comparable to those from the other three experiments, we collapsed the data between the blocks as in the other experiments.
Results
Discrimination blocks The means for discrimination d' and confidence ratings were calculated as in the above experiments.
The analyses of confidence rating revealed significant main effects of difficulty level [F(1, 21) = 36.06, p < .001, η p 2 = .63] and PE level [F(1, 21) = 18.93, p < .001, η p 2 = .47], showing that higher difficulty level as well as higher PE led to higher confidence ratings (Fig. 4A) . The interaction between difficulty and PE level was nonsignificant (p = .20). Thus, the manipulation of confidence was successful with motion stimuli.
However, the analyses also revealed that discrimination d' covaried with our manipulation of confidence. That is, the analysis of d' also revealed significant main effects of difficulty [F(1, 21) (p = .39) . Given this, in order to examine the effect of higher confidence on task set performance without reflecting the difference in d', we eliminated data from the participants who had the largest difference in d' between the high and low PE levels (i.e., d' differences one standard error larger than the acrossparticipant mean). This eliminated a total of eight participants. With the remaining 14 participants (Fig. 4B ), d's became similar between high and low PE levels [F(1, 13) = 4.33, p = .06, η p 2 = .25], whereas confidence was still significantly higher for the high than for the low PE level [F(1, 13) = 11.21, p = .005, η p 2 = .46]. We analyzed task set performance using these selected participants who achieved different levels of confidence with similar levels of d'. Since similar levels of d', rather than statistically matched levels of d', are sufficient to examine the effect of perceptual confidence, we analyzed the effect of PE level on task set performance with these selected participants.
Task set block The means for the cued task RTs (Fig. 4C) were calculated as in Experiment 2A. The mean RT was calculated for correct trials whose RTs were within three standard deviations of the mean (7.4 % of trials were eliminated for incorrectness, and an additional 2.2 % were eliminated for falling outside the RT window). A 2 (PE level) × 2 (difficulty level) repeated measures ANOVA on the selected 14 participants revealed no significant main effects or interactions (ps > .10) (Fig. 4D) . These results remained the same (ps > .10) even when the data from all participants were analyzed (Fig. 4C) . This result suggests that the higher confidence achieved with the high-PE stimuli did not enhance task set preparation. This result is in agreement with that of Experiment 2A, ensuring its robustness. Yet, whereas confidence seemed to modulate the time course of task set preparation in Experiment 2A (i.e., a significant interaction between PE level and SOA), we did not observe such an effect in this experiment. This was likely because the onset of the task cue was more ambiguous with the dynamic dot motion stimuli than with the static gratings used in Experiment 2B, diffusing the temporal effect of PE level on RTs.
Discussion
In summary, we found that performance in a go/no-go paradigm (Exps. 1A and 1B) and a task-cueing paradigm (Exps. 2A and 2B) was largely explained by perceptual accuracy and had little room to be predicted by the perceptual confidence for the stimuli utilized as go/no-go signals or task cues. We observed some effects of confidence on task performance: Higher confidence led to a more liberal response bias in the go/no-go task (Exp. 1A) and modulated the time course of task set preparation (Exp. 2A). The former result, on response bias, suggests that perceptual confidence may evoke actions in general, leading to a liberal response bias. This is in line with the reports of blindsight patients showing low perceptual confidence as well as less voluntary responses to external stimuli (i.e., conservative response criteria; Ko & Lau, 2012) . Similarly, the latter result, on the preparation time course, suggests that perceptual confidence may facilitate and increase the readiness for action toward the stimuli. However, these effects were subtle, in that they were not concerned with overall performance on the cognitive control tasks. These results seem to be robust, since they were replicated with different sets of stimuli: gratings (Exps. 1A and 2A) and dot motion (Exps. 1B and 2B).
Our behavioral finding that inhibitory control performance was similar under different levels of perceptual confidence is perhaps surprising, given that confidence may be linked to awareness (Peirce & Jastrow, 1885) , which has been suggested to be critical for cognitive control (Dehaene & Naccache, 2001; Jack & Shallice, 2001; Norman & Shallice, 1986 ). Yet, other studies have shown that unconscious stimuli can trigger cognitive control (Lau & Passingham, 2007) , including response inhibition (Hughes, Velmans, & De Fockert, 2009; Lau & Passingham, 2007; Mattler, 2003; van Gaal, Ridderinkhof, Fahrenfort, Scholte, & Lamme, 2008; Wokke, van Gaal, Scholte, Ridderinkhof, & Lamme, 2011) and task set preparation (Lau & Passingham, 2007; Mattler, 2003) . Together, these results suggest that perhaps neither awareness nor subjective confidence is critical for response inhibition or task set preparation.
Likewise, perceptual confidence has been linked to subregions in prefrontal cortex, such as the dorsolateral and anterior prefrontal regions (Fleming & Dolan, 2012; McCurdy et al., 2013) , which are also known to be important for cognitive control (Badre, 2008; Koechlin & Hyafil, 2007; Miller & Cohen, 2001; Passingham & Wise, 2012) . Given these reports, one might expect higher perceptual confidence to result in better cognitive control. That our results did not support this prediction could be because perceptual confidence and cognitive control are housed in different subregions of the prefrontal cortex. Alternatively, it could be that whereas stimuli perceived with high confidence may recruit the prefrontal cortex to implement cognitive control, those perceived with low confidence may recruit alternative neural mechanisms to compensate. Future studies may directly investigate these possibilities.
Although our experimental approach in these studies was based on a manipulation of confidence, it may also find fruitful application in the study of the cognitive functions of consciousness (Dehaene & Naccache, 2001; Jack & Shallice, 2001; Norman & Shallice, 1986; Lau & Rosenthal, 2011) , provided that one assumes that differences in perceptual confidence reflect differences in conscious perception. One advantage of our approach is that we did not need to experimentally abolish stimulus awareness completely to examine its functions, as is typical in subliminal-priming studies (Kouider & Dehaene, 2007 ; Van den Bussche, Van den Noortgate, & Reynvoet, 2009 ). The complete lack of stimulus awareness is generally difficult to achieve; it is a statistical challenge to show that any awareness measure (e.g., d') is exactly zero. Also, when stimulus awareness and perceptual confidence are impaired due to stimulus manipulations (e.g., masking), any effect of such stimuli is often small in size, which brings another statistical challenge in telling apart small and null effects. Even when such effects of unconscious stimuli are observed, the replication of such effects is yet another notorious problem (Shanks et al., 2013) . Our approach is free from these issues, because it deals with a range of d' that is near or even above threshold levels (i.e., d' ≈ 1-2), as in typical psychophysical experiments. Even with a reasonable range of d', our method yielded robust statistical differences in confidence levels between different conditions. These advantages were discussed previously (Schmidt & Vorberg, 2006) , and we hope that our method can stimulate future efforts to understand the functions of consciousness.
Although we were generally able to manipulate confidence in all four experiments, we admit that the manipulation did not succeed in some conditions. For example, whereas the confidence manipulation was generally successful with grating stimuli (Exps. 1A and 1B), when dot motion stimuli were used (Exps. 2A and 2B), confidence covaried with d' in some participants. This suggests that certain stimulus types may be more compatible with our manipulation technique. Also, even with grating stimuli (Exp. 2A, easy condition), the mere presence of a letter stimulus after the grating seems to interfere with the confidence manipulation. With these results, future studies may further refine the methods to more robustly manipulate perceptual confidence.
One potential limitation of our experiment design particularly is that confidence was reported in the discrimination blocks but not in the cognitive control tasks (i.e., go/no-go and task set preparation). Because of this, one may argue that confidence may not have been experienced in the cognitive control tasks in the same way that it was reported in the discrimination tasks. Although we admit this possibility, we still observed some effects of perceptual confidence (e.g., criterion effect), which suggests that confidence was experienced to some extent, even though participants were not asked about it. Also, some theorists argue that perceptual certainty is intrinsically embedded in our basic perceptual processing (Ma, Beck, Latham, & Pouget, 2006) . Thus, we argue that we were, to some extent, able to manipulate perceptual confidence even in the cognitive control tasks. In our study, confidence ratings were omitted with that task because the cognitive control tasks required fast responses that could have been interfered with by the intervening confidence report. However, one recent study (Desender, Van Opstal, & Van den Bussche, 2014 ) inserted a subjective rating (i.e., experienced conflict) in a go/no-go trial, which was shown to modulate conflict adaptation. Thus, future studies may strengthen the present findings by directly measuring confidence while performing cognitive control tasks.
One may also argue that the absence of a confidence effect on cognitive control was due to the relatively short duration between the onset of the cues for cognitive control (e.g., grating) and response. That is, a longer duration may have been required to observe the effect of confidence, which might have required some more time to build up. Yet this is unlikely, because we did observe some effects of perceptual confidence (e.g., a criterion effect), suggesting that our time window was sufficient to induce and observe an effect of perceptual confidence.
One important terminological issue concerns our use of the phrases positive evidence and negative evidence. Here we treated PE as the perceptual evidence favoring a correct stimulus identification and NE as the evidence favoring an incorrect identification. This usage differs from that of Zylberberg et al. (2012) , in that they distinguished between the perceptual evidence favoring a chosen stimulus identification response made by a perceiver and the evidence favoring an alternative identification response. As we described in our Method section (Exp. 1A), the adoption of our definition was necessary in order for us to meaningfully manipulate PE and NE in the context of cognitive control tasks. However, future studies should pay extra attention to this terminological issue and manipulate the different kinds of PEs and NEs accordingly, with respect to the research questions.
In summary, our results suggest that perceptual confidence does not facilitate the overall effectiveness of response inhibition or task set preparation. Perhaps yet other functions of cognitive control can benefit from perceiving stimuli with higher confidence or awareness; we do not rule out such a possibility. Whatever the cognitive functions that benefit from perceptual confidence might be, our present approach provides a potentially powerful method to search for those functions.
